Most living organisms exhibit circadian rhythms, regular daily cycles in their behaviors and physiological functions including activity, sleep, metabolism and body temperature, with a cycle length of approximately 24 hours. In mammals, the circadian timing system is organized as a hierarchy of various organ oscillators. Among them the suprachiasmatic nuclei (SCN) of the anterior hypothalamus function as the master pacemaker at the top of the hierarchy, and coordinate clocks in peripheral organs such as the heart, lung, liver, kidney, pancreas and non-pregnant uterus (Hastings et al. 2003; Dolatshad et al. 2006; Maywood et al. 2007) . During pregnancy, the fetus itself functions as an organ oscillator in the mother and uses maternal signals to adjust the fetal biological clock to the extrauterine environment (Serón-Ferré et al. 2007; Ohta et al. 2008) .
The intrauterine environment is suggested to be a circadian environment in which fetuses are subject to a variety of nonphotic stimuli, including circadian fluctuations in hormonal and nutritional signals from the mother, placental filtering of those signals, and uterine motility (Serón-Ferré et al. 2007; Ohta et al. 2008) . In mammals, maternal melatonin has a circadian pattern in its plasma concentration and is thought to convey information on the light-dark cycle to the fetus, thereby synchronizing the developing fetus's biologic clock to the 24-hour cycle (Davis and Mannion 1988; Illnerová et al. 1993; Serón-Ferré et al. 2007 ). Fetal biological clock has also been reported to be influenced by the maternal feeding schedule during pregnancy (Weaver and Reppert 1986; Ohta et al. 2008) . The circadian molecular properties of the pregnant uterus and placenta, however, have not been fully examined in spite of the importance of understanding their circadian effects on fetal physiology.
At the molecular level, cellular clocks in the organs are controlled by autoregulatory transcriptional and translational feed back loops of key "clock genes", in which BMAL1 and CLOCK proteins drive expression of the Period (Per) and Cryptochrome (Cry) genes while the PER and CRY proteins in turn suppress the transcription of their own genes (Hastings et al. 2003) . To gain an insight on the molecular basis of the circadian stimuli of the intrauterine environment on the fetus, with a transgenic rat model in which the mouse Period1(Per1) gene promoter has been linked to a luciferase (luc) reporter (Yamazaki et al. 2000) , we continuously monitored the expression of Per1, one of the key "clock genes", by recording light emission from uterus and placenta tissues in vitro. By in situ hybridization, we further examined the circadian molecular clocks of the deciduda and labyrinth in the placenta specifically.
Materials and Methods

Animals and housing
Homozygous male and female transgenic Per1-luc rats (Japanese Wistar) expressing 6.7 kb of the mouse Period1(Per1) promoter driving firefly luciferase were mated for this study, causing the Per1-luc rats to become pregnant with homozygous fetuses. Details on the generation of these animals and the methods have been published previously Yamazaki et al. 2000) . For Per1-luc monitoring from the uterus and placenta tissue, timed-pregnant Per1-luc rats (n = 5) were housed individually in cages in a 12:12 h light-dark (LD) cycle (lights on at 08:00h and lights off at 20:00h; 200 lux at cage level during light period) or constant darkness (a dark-dark (DD) cycle) and fed ad lib. Locomotor activity of the rats was recorded with infrared motion sensors using an online system (Actograph System, Rapid Fire Computer, Japan). Timed-pregnant wild-type Wistar rats (n = 20 for LD; n = 20 for DD) were also housed individually in the same manner for in situ hybridization study of the placenta. Animal care and use were reviewed and approved by the Committee for Animal Research of Tohoku University.
Assessment of Per1-luc circadian periods and phases of the uterus, placenta and maternal SCN
Following behavioral assessment to confirm proper circadian locomotor rhythms of animals in a 12:12h LD cycle, non-pregnant Per1-luc female rats were sacrificed for recordings of Per1-luc expressions in the uterus at the diestrous stage (n = 5). We sacrificed the non-pregnant rats at Zeitgeber Time (ZT) 11, one hour before lights off (lights on and lights off are defined as ZT0 and ZT12, respectively) and rapidly removed their uterus and suprachismatic nuclei (SCN). In addition, pregnant Per1-luc rats were sacrificed for recordings of Per1-luc expressions in the uterus, the placenta and the SCN either after 12 days of pregnancy (embryonic day 12: E12) (n = 5) or 22 days of pregnancy (E22) (n = 5) -one day before expected birth (term: 23 days of pregnancy) in the same manner as non-pregnant Per1-luc rats. We sacrificed the pregnant Per1-luc rats at ZT 11 and rapidly removed their uterus, placenta and SCN. Between ZT11 and ZT11.5 the uterine tissue (1-mm thickness) from a uterine horn, the decidua and the labyrinth tissue (1-mm thickness) from the placenta and a pair of SCN tissue sections (coronal sections of 300um thickness, made with a vibroslicer) from the brain of each Per1-luc rat were placed on membrane inserts (Millicell-CM, Millipore, Bedford, MA) for tissue culture in 1 mL of medium (Dulbecco's modified Eagle's medium, Sigma, St.Louis, MO) supplemented with 10 mM HEPES (Sigma), 2% B27, 25 U/mL penicillin, 25 µ g/mL streptomycin, 2.2 mg/mL NaHCO 3 , 4mM L-glutamine, and 0.1mM beetle luciferin (Promega, Madison, WI). Unless noted, medium ingredients were purchased from Invitrogen (Carlsbad, CA). Each culture was sealed in a Petri dish and maintained at 36°C in darkness. Bioluminescence was collected in counts per minute for 4.5 days without a medium change using a photomultiplier tube (HC8259MOD, Hamamatsu Corp., Shizuoka, Japan).
To eliminate the effects of the light-dark cycle on the intrauterine organ clocks, another set of non-pregnant (n = 5) and pregnant (n = 5 for E12; n = 5 for E22) Per1-luc rats was transferred to constant darkness (DD). On the second day of DD, with the aid of dim red light (< 0.1 lux) they were decapitated at circadian time (CT)11 (CT0 and CT12 are defined as the initiation and termination of locomotor activity in DD, respectively ; CT 0 and 12 approximately correspond to dawn and dusk in the previous LD cycle). Then the tissue culture of each organ and the SCN were prepared in the same way as for the pregnant Per1-luc rats in the LD cycle.
Photon counts from each culture were detrended with a 2-h running average as described previously (Yamazaki et al. 2000) with modifications using exmax software (gift from Mr. Tuyoshi Yaita and Dr. Shigenobu Shibata, Waseda University, Tokyo, Japan) (Hayasaka et al. 2007; Ohta et al. 2008; Hirao et al. 2009 ). The period of Per1-luc activity (recorded from 12 to 84 h in vitro) was assessed for each SCN culture and calculated by averaging the period between the first and second peaks and the period between the second and third peaks as previously described (Yamazaki et al. 2000; Ohta et al. 2005) . The Per1-luc amplitudes for the uterus and SCN culture were calculated as the difference between the first trough and second peak of the detrended curves of the bioluminescence. Statistical comparisons were performed by one-way ANOVA ( p < 0.05).
Assessment of Per1 mRNA expression in the placenta
On E12 and E22, pregnant wild-type Wistar rats were decapitated at each of four circadian phases: ZT0, ZT6, ZT12, and ZT18 (n = 5 at each sampling time) in LD. To eliminate the effects of the LD cycle, another set of pregnant wild-type Wistar rats were also transferred to constant darkness (DD) and also decapitated at each of four circadian phases: CT0, CT6, CT12, and CT18 on the second day of DD. During the dark phase, decapitation was performed with the aid of dim red light (< 0.1 lux). The placenta were quickly removed and frozen in crushed dry ice. The tissue was stored at −80°C until sectioning for in situ hybridization.
In situ hybridization was carried out to determine the level of Per1 mRNA in the placenta. The slices (40-µ m thickness) were taken using a cryostat (HM505E, Microm, Germany). Radiolabelling of the anti-sense and sense cRNA with [RI: a[33P]UTP (New England Nuclear, USA)] and the in situ hybridization was as reported previously (Moriya et al. 2000; Shimomura et al. 2002) . Labelled antisense or sense cRNA probes were constructed from restriction enzyme-linearized cDNA templates that were kindly donated by Dr Okamura (Kyoto University). The radioactivity of each slice on BioMax MR film (Kodak) was analysed using a microcomputer interface to an image analysis system (MCID, Imaging Research Inc., Canada) after conversion into optical density by 14 C-autoradiographic microscales (Pharmacia Biotech, Buckinghamshire, UK). The intensity values of the sections from random coronal sections of the pla-centa (4 sections per the placenta) were then averaged to calculate the optical density. One-way ANOVA was used to detect the daily oscillation of Period1 mRNA expression in the placenta ( p < 0.05).
Results
Circadian rhythms of Per1 expression in the rat uterus during pregnancy
Behavioral assessment by infra-red motion sensors confirmed proper circadian locomotor rhythms of pregnant Per1-luc rat mothers, in which rats are more active during the dark period (data not shown) in an LD cycle and also during the subjective dark period (the period corresponding to dark phase in the LD cycle) in constant darkness (data not shown).
In the LD cycle, Per1-luc measurements showed the circadian expressions of the Per1 gene in the uterus at both stages of non-pregnancy and pregnancy. Circadian rhythms in Per1-luc activity were apparent in the non-pregnant uterus as previously reported (period: 24.1 ± 0.8 h, mean ± S.D., throughout; amplitude: 16,663 ± 4,262 photons/min; Fig.  1A , Table 1 ) (Hastings et al. 2003; Dolatshad et al. 2006; Maywood et al. 2007 ). Clear Per1-luc circadian rhythms were also observed at the middle of pregnancy, E12 (period: 24.1 ± 0.5 h; amplitude: 29,686 ± 14,961 photons/min; Table 1 ) in LD. In non-pregnant rats, circadian oscillation in the uterus peaked about 3 hours after maternal SCN, indicating that the peripheral tissues such as the uterus responded differently to the light cycle from the maternal SCN. The phase relationship between the uterus and maternal SCN was also the same in pregnant rats (one-way ANOVA, p > 0.05, Table  1 ).
In constant darkness (DD), the same types of results were also obtained: non-pregnant uterus tissues (period: 24.7 ± 1.1 h; amplitude: 19,013 ± 11,303 photons/min; Fig.  2A , Table 1 ), E12 uterus tissues (period: 24.0 ± 1.0 h; amplitude: 12,934 ± 7,538 photons/min; Fig. 2B , Table 1) , and E22 uterus tissues (period: 24.2 ± 0.7 h; amplitude: 12,332 ± 9,063 photons/min; Fig. 2C , Table 1 ). In both LD and DD, the peak phases of the uterus were delayed by approximately 3-hours compared to those of the maternal SCN. No significant phase differences between the uterus and the maternal SCN were observed among non-pregnant and pregnant Per1-luc rats (one-way ANOVA, p > 0.05, Table 1 ).
In both LD and DD, neither the period nor amplitude of rhythmic uterus cultures depended on the stage of pregnancy (one-way ANOVA, p > 0.05, Table 1 ). These data suggest that the biological clock in the uterus keeps a relatively stable circadian rhythmicity throughout pregnancy despite profound tissue remodeling in the uterus induced by sex steroids such as estrogen and progesterone to maintain pregnancy (Maeda et al. 2000) .
Circadian rhythms of Per1 expression in the rat placenta during pregnancy
Among structures of the placenta, we assayed portions of the labyrinthine throphoblast and the decidua from the E22 pregnant rats in LD. Although all the portions of placenta tissue expressed high levels of Per1-luc expressions, the labyrinthine throphoblast failed to show circadian rhythmicity. In contrast, the layer of decidual cells showed damped circadian oscillations for one to two cycles in vitro, followed by a prolonged falling phase (Fig. 3A, B) .
The gradual reduction in amplitude of circadian oscillations in culture could result from a factor associated with cell culture such as a progressive cell death, desynchroniza- Fig. 1 . Rhythms of Per1-luc light emission by uterus explants from Per1-luc rats in a light-dark cycle (LD). Shown are raw data from uterus tissues from ad lib-fed Per1-luc female rats in non-pregnancy (A), embryonic day 12 (B), and embryonic day 22 (C) in a 12:12 h LD cycle. The phase of the tissue in vivo has been considered to be best reflected by the phase of the peak in vitro during the first full subjective day (1 to 2.5 days after explant) as previously described (Yamazaki et al., 2000; Ohta et al., 2005) . The phase of these peaks is consistent from animal to animal. Here, the phase statistically chosen is indicated by the inverted triangles.
tion of multiple sustained circadian oscillators, or coincident damping of individual oscillators. Among them, the possibility of cell death was rejected since forskolin, a Per1 promoter stimulator through the CREB site, again evoked a transient increase in Per1-luc activites in the cultured tissues including both the labryrinthine throphoblast and the decidua, which once lost clear Per1-luc rhythmicity (data not shown). We further assessed Per1 mRNA expression in the placenta of E12 and E22 in both LD and DD cycles by in situ hybridization. No obvious circadian oscillation was observed in the labyrinth throughout pregnancy in both LD and DD (one-way ANOVA, p > 0.05, Fig. 4-7) . In contrast, circadian patterns of Per1 mRNA expression were detected in the decidua of E12 and E22 in LD (one-way ANOVA, p < 0.05, Fig. 4-7) . On E12 in DD, however, no circadian pattern was detected even in the decidua (one-way ANOVA, p > 0.05, Fig. 6 ). These results suggest that circadian oscillations are maintained at least in the decidua, the maternally-originated tissue of the placenta, throughout pregnancy in LD.
The findings in our present study are consistent with previous reports in that no circadian rhythmicity was detected in adult tissues of the testis and thymus, which have the same property of on-going cellular differentiation as the labyrinth, a fetus-orignated tissue (Alvarez et al. 2003) . The equal or relatively higher level of Per1 mRNA expression in the labyrinth compared to the decidua can also be explained by the chronic elevated level of progesterone during pregnancy, which has been reported to continuously up-regulate Per1 mRNA expression in vivo (He et al. 2007 ).
Circadian rhythms of Per1 expression in the maternal SCN during pregnancy
The circadian expressions of the Per1-luc expressions in the maternal SCN were recorded simultaneously in nonpregnant and pregnant rats in LD (Fig. 8) and DD (Fig. 9) . Per1-luc SCN rhythmicity remained unchanged between non-pregnant and pregnant rats (Table 1; one-way ANOVA, p > 0.05) in both LD and DD. These data suggest that the SCN of pregnant rats are not affected by various changes in hormonal environments induced by pregnancy and sustain a stable circadian rhythmicity throughout pregnancy.
Discussion
Two significant implications arise from these results. First, the circadian property of molecular clock in the uterus is stably maintained in almost the same manner from nonpregnancy, right through to the end stage of pregnancy, in regular light-dark (LD) cycles and constant darkness (DD). During pregnancy, the myometrium in the uterus undergoes profound remodeling including proliferation and decidulization in response to sex steroid hormones and implantation (Maeda et al. 2000) . The uterus contains the receptors for both progesterone and estrogen and a previous report demonstrated that the Per1 expression actually increases in the rat uterus after treatment with progesterone (P4) and a homologue of estrogen (estradiol: E2) in vitro (He et al. 2007 ). However, despite long-lasting increases in progesterone during gestation and a timely increase in estrogen before delivery (Maeda et al. 2000) , the uterus kept a stable Per1-luc circadian rhythm throughout the pregnancy. The same story is also true with the maternal SCN. Although Per2 circadian rhythms in the SCN are reported to be In vitro peaks, periods and amplitudes of Per1-luc uterus and SCN rhythms in non-pregnant (n = 5) and pregnant Per1-luc rats (n = 5 for both embryonic day 12 (E12) and embryonic day 12 (E22)) in a light-dark cycle (LD) and constant darkness (DD) (n = 5 for each, mean ± S.D.). Peaks in vitro are defined as the peak times during the first full subjective day (1 to 2.5 days after explant) as previously described (Yamazaki et al. 2000; Ohta et al. 2005) . No significant differences by one-way ANOVA ( p > 0.05) between LD and DD in peaks and periods in both uterus and SCN rhythms.
affected by an E2 implant in constant dark conditions (Nakamura et al. 2005) , the property of Per1-luc circadian rhythmicity in the SCN was not affected by pregnancy in the present study, indicating that increases in circulating progesterone and estrogen are not likely to affect the molecular clock in either the uterus or maternal SCN during pregnancy. Probably, in a regular light-dark cycle, the effects of increasing sex hormones induced by pregnancy were countered by some complementary light-dependent resetting systems in the SCN. In addition, in non-pregnant rats in both LD and DD, circadian oscillation in the uterus peaked about 3 hours after maternal SCN, indicating that the peripheral tissues such as the uterus have stable but different phases from the maternal SCN. The phase relationships between the uterus and maternal SCN were also the same as in pregnant rats (Table 1) .
Second, in contrast to stable circadian rhythmicity in the uterus, the placenta does not have persistent Per1-luc rhythms. The placenta consists of both fetal-and maternaloriginated tissues. The present study examined the Per1-luc expressions of the labyrinth portion as fetal tissue and those of the decidua portion as maternal tissue. The labyrinth did not express Per1-luc circadian rhythms. The decidua did not have persistent oscillation but showed one to two cycles of Per1-luc expressions. This result is partly supported by an in vitro experiment, in which no continuous Per2-luc rhythms but only one peak in the uterine stromal cells were observed after decidualization induced by medroxyprogesterone acetate plus N6, 2-O-dibutyryl adenosine 3´: 5´-cyclic monoposphate (He et al. 2005) . We further checked the Per1 mRNA expression in the placenta by in situ hybridization. Again no obvious circadian oscillation was observed in the labyrinth but a circadian pattern of Per1 mRNA expression was detected in the decidua. These results indicate that, unlike the uterus, the labyrinth, a fetusoriginated tissue of the placenta, does not have circadian properties in its physiological functions, while the decidua, a maternally originated tissue, has features of maintaining circadian oscillations. However, clear circadian expressions of Mel la receptor were reported in the placenta (Lee et al. Fig. 2 . Rhythms of Per1-luc light emission by uterus explants from Per1-luc rats in constant darkness (DD). The animals were exposed to DD for 2 consecutive days prior to explants to eliminate the lighting effects on the biological clock. Shown are raw data from uterus tissues from ad lib-fed Per1-luc female rats in non-pregnancy (A), embryonic day 12 (B), and embryonic day 22 (C) in DD. Here, the phase statistically chosen is indicated by the triangles. For details, see legend of Fig. 1 . Previous studies have suggested that the fetus in the uterus uses maternal signals to adapt the fetal biological clock to the maternal environment (Reppert and Schwartz 1983; Davis and Gorski 1988; Parraguez et al. 1996; Kennaway 2002; Ohta et al. 2002 Ohta et al. , 2003 Ohta et al. , 2008 Sládek et al. 2004; Li and Davis 2005; Saxena et al. 2007 ). These signals are considered to be a variety of nonphotic stimuli including circadian fluctuations in hormonal and nutritional signals from the mother, placental filtering of those signals, and uterine motility (Serón-Ferré et al. 2007 ). The present study further supports this idea particularly by first proving the existence of stable circadian clocks in the pregnant uterus and the decidua at the molecular level. Our study gives a basis to explore the molecular connections between circadian clocks in pregnant reproduction organs and their physiological functions and also suggests an importance of circadian environments for developing organisms to achieve their sound physiology (Mann et al. 1986; Miller et al. 1995; Mirmiran and Ariagno 2000; Brandon et al. 2002; Rivkees et al. 2004; Miller et al. 2004; Ohta et al. 2006 Ohta et al. , 2008 .
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